Lui JC, Finkielstain GP, Barnes KM, Baron J. An imprinted gene network that controls mammalian somatic growth is downregulated during postnatal growth deceleration in multiple organs.
IN MAMMALS, SOMATIC GROWTH is rapid in embryonic and early postnatal life but decelerates dramatically with age, declining toward zero as the organism approaches its adult body size. This growth deceleration appears to occur in all mammalian species, but at differing rates. In some species, such as mice and rats, the deceleration occurs over weeks, resulting in a smaller body size, whereas in other species, such as cows and humans, the deceleration occurs over years, resulting in a larger body size. Thus, the rate of deceleration appears to determine the adult body size of a species.
Somatic growth results from both cell proliferation (hyperplasia) and cell enlargement (hypertrophy). The decline in the somatic growth rate with age is due, in large part, to a decrease in the rate of proliferation (5, 28, 39) . In fact, a constant rate of cell proliferation would lead to an exponential increase in weight, and thus, even a linear increase in weight suggests a declining rate of proliferation.
The biological mechanism responsible for this decline in proliferation and consequent growth deceleration is not known. One possible clue regarding the mechanism is that this phenomenon occurs in all major organs, such as kidney, liver, lungs, heart, skeletal muscle, and bone. However, this coordinate growth deceleration does not appear to be caused by a hormonal mechanism. For example, in the late adolescent human, as the somatic growth rate approaches zero, growth hormone levels and circulating IGF-I levels are higher than in the infant when growth is very rapid (27, 41) . Furthermore, transplantation experiments suggest that the growth rate of transplanted structures generally depends on the age of the donor animal, rather than the age of the recipient, again arguing against a hormonal or other systemic mechanism (9, 33) .
We, therefore, hypothesized that the coordinate growth deceleration in multiple organs results from a local mechanism that is common to multiple tissue types. On the basis of this hypothesis, we sought a gene expression program that occurs as somatic growth decelerates and that is common to multiple organs. Toward this goal, we previously performed microarray analysis to identify changes in gene expression in mice during early postnatal life. We focused our attention on genes that were upregulated or downregulated in multiple organs and thus are more likely to contribute to the putative common program of growth deceleration.
We noticed that some of the genes that showed the greatest changes in expression with age are imprinted, that is, genes that show differential expression from the maternal and paternal alleles. It has previously been observed that some imprinted genes positively regulate fetal growth (11, 12) . Our microarray observations raised the possibility that expression of these genes persists into early postnatal life and that their subsequent downregulation is responsible for the dramatic decline in proliferation and somatic growth that determines adult body size.
In the current study, we sought to explore the temporal regulation of imprinted genes during postnatal life and the relationship between the temporal changes and somatic growth deceleration. First, we systematically assessed the age-related changes in gene expression of all known imprinted genes using microarray analysis for kidney, lung, and heart to identify imprinted genes that showed highly consistent changes with age. Second, for the identified genes, we measured the temporal changes in gene expression from the late embryonic period through the postnatal growth period to determine whether their expression declines in a temporal pattern that could account for the declines in growth rate. Third, we searched the previous literature to determine whether targeted ablation of these genes affects somatic growth in mice. Fourth, because allele-specific expression of imprinted genes often involves DNA methylation, we determined whether temporal changes in DNA methylation levels of the differentially methylated regions of these genes might explain the temporal changes in expression levels.
MATERIALS AND METHODS
Animal procedures and tissue processing. C57BL/6 male mice (Charles River Laboratory, Wilmington, MA) were maintained and used in accordance with the Guide for the Care and Use of Laboratory Animals (26a). Animals were weighed, and tail lengths were measured before death (15) . Mice were killed by carbon dioxide inhalation at embryonic day 19 (E19), and postnatally at 1, 4, and 8 wk of age. Heart, liver, lung, and kidney were excised and weighed. Tibias were excised, separated from adjacent muscle, and their lengths were measured using a digital vernier caliper. For E19 pups, gender was determined by the presence or absence of Sry, assessed by PCR of liver genomic DNA. For consistency, only male pups were used.
Microarray analysis. Microarray analysis had been performed previously in heart, lung, and kidney at 1, 4, and 8 wk of age (G. P. Finkielstain, P. Forcinito, J. C. Liu, K. M. Barnes, R. Marino, unpublished data). For the current analysis, a heat map was constructed using JMP 7 software (SAS Institute, Cary, NC) to visualize change in expression of all known imprinted genes. Hierarchal clustering of these genes using JMP 7 was performed to group genes with similar expression patterns.
Quantitative real-time RT-PCR. Total RNA was extracted from heart, lung, and kidney at 1, 4, and 8 wk of age using TRIzol reagent (Invitrogen, Carlsbad, CA), further purified with RNeasy kit (Qiagen, Valencia, CA), and then reverse transcribed using Superscript III Reverse Transcriptase (Invitrogen), according to the manufacturer's instruction. Resulting cDNA was diluted and stored at Ϫ20°C. Quantitative real-time RT-PCR was performed using the following assays containing primers and specific intron-spanning FAM-labeled TaqMan probes (Applied Biosystems, Foster City, CA): Cdkn1c, Mm00438170_m1; Dlk1, Mn00494477_m1; Grb10, Mm01180444_m1, Gtl2, Mm00522599_m1; H19, Mm01156721_g1; Igf2, Mm00439564_m1; Mest, Mm00484993_m1; Ndn, Mm02524479_s1; Peg3, Mm01337379_m1; Plagl1, Mm00494250_ m1; Slc38a4, Mm00459056_m1; and Sry, Mm00441712_s1. VIC/ TAMRA-labeled eukaryotic 18S rRNA endogenous control TaqMan assay (Applied Biosystems) was used for normalization. Reactions were performed in triplicate using cDNA, TaqMan Universal PCR Master Mix (Applied Biosystems), and the ABI Prism 7300 Sequence Detection System (Applied Biosystems), according to manufacturer's instructions with the following thermal cycling conditions: 1 cycle at 50°C for 2 min and 95°C for 10 min, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. The quantity of each mRNA was calculated relative to the amount of starting cDNA using the formula: relative expression i ϭ Determination of methylation by pyrosequencing. Genomic DNA was isolated from liver at 1, 4, and 8 wk of age using DNeasy tissue kit (Qiagen) and then treated with bisulfite to convert unmethylated cytosine into uracil using the EZ DNA Methylation-Gold Kit (Zymo Research, Orange, CA), according to manufacturer's instructions. Briefly, 300 ng of genomic DNA was incubated with bisulfite reagent in the dark at 98°C for 10 min followed by 64°C for 2.5 h. DNA was then desulfonated, purified, and recovered with a spin column. Differentially methylated regions in Mest, Peg3, and Plagl1 at different ages were then PCR amplified and subjected to pyrosequencing (EpigenDx). Forty-five cycles of PCR were performed using Platinum Taq DNA polymerase (Invitrogen) with denaturation at 95°C, annealing at 50°C (for Peg3 and Plagl1) or 55°C (for Mest), and elongation at 72°C, with MgCl 2 concentration of 1.5 mM (for Peg3 and Plagl1) or 3 mM (for Mest). Primers for PCR and pyrosequencing were as follows: Mest, forward PCR primer: 5Ј GGT TGG GTT TGG ATA TTG TAA A 3Ј, reverse PCR primer: 5Ј CCC TTA AAA ATC ATC TTT CAC ACC 3Ј, sequencing primer I: 5Ј TTA AAG TTG TAG TAA ATT A 3Ј, sequencing primer II: 5Ј GTG TTT AGG TTG TTA GAA T 3Ј; Peg3, forward PCR primer: 5Ј AGA GAT GTT TAT TTT GGG TTG GTG 3Ј, reverse PCR primer: 5Ј CAC CCC AAA CAC CAT CTA AAC T 3Ј, sequencing primer: 5Ј ATT TTG GCT TGG TGG 3Ј; and Plagl1, forward PCR primer: 5Ј GGT TAG GGT AGG TAA GTA GTG AT 3Ј, reverse PCR primer: 5Ј CCA AAT TCA AAA TTT ATC ACC 3Ј, sequencing primer: 5Ј GGT AGG TAA GTA GTG ATA AT 3Ј.
Statistical analysis. Data are presented as means Ϯ SE. For realtime PCR data, a one-way ANOVA for the effect of time was performed.
RESULTS AND DISCUSSION
A subset of imprinted genes shows declining expression in postnatal life in multiple organs. In mammals and other multicellular organisms, exponential growth generally occurs only early in life (14) . The growth rate then drops postnatally with age and approaches zero as final body size is attained (22) . This decline in growth rate is caused in large part by a decline in the rate of proliferation. Importantly, this growth deceleration occurs coordinately in multiple different organs even though there does not appear to be a hormonal or other systemic mechanism responsible for the coordination. We therefore hypothesized that the coordinate growth deceleration in multiple organs results from a local mechanism that is common to multiple tissue types. On the basis of this hypothesis, we sought a gene expression program that occurs coordinately in multiple organs as somatic growth decelerates. We performed cDNA microarray analysis of kidney, lung, and heart of mice at 1, 4 and 8 wk of age and focused our attention on genes that were coordinately upregulated or downregulated in multiple organs (G. P. Finkielstain, P. Forcinito, J. C. Liu, K. M. Barnes, R. Marino, unpublished data).
We noted that many of the genes that showed strong changes in expression with age in multiple tissues are imprinted genes. We, therefore, systematically analyzed the expression pattern of all the known imprinted genes in our microarray data set by generating a heat map using hierarchical clustering (Fig. 1) . Eighty-two imprinted genes fell into four major clusters, of which two clusters, encompassing 15 genes, showed downregulation with age in all three tissues (Fig. 1 , gene designations shown in green and blue). A second, parallel, more stringent analysis was performed (see Supplemental Table 1 , which is available in the online version of this article) to identify imprinted genes that met the following three criteria: 1) mRNA expression changed significantly (P Ͻ 0.05) in all three organs studied, 2) the direction of the change (increase vs. decrease with age) was consistent in all three organs, and 3) the fold change was large, at least five-fold in one or more organs. Of the 82 imprinted genes, 11 met all three of these criteria: Igf2, H19, Plagl1, Mest, Peg3, Dlk1, Gtl2, Grb10, Ndn, Cdkn1c, and SLC38a4. For all of these genes, expression decreased with age, and they all belonged to the two clusters generated by the hierarchical cluster analysis. There were no imprinted genes that showed increasing expression with age that met these criteria. Thus, the analysis delineated a subset of 11 imprinted genes that were downregulated with age coordinately in multiple organs.
The temporal pattern of declining gene expression is similar to the temporal pattern of growth deceleration. We next sought to define the temporal changes in gene expression more precisely for the 11 genes identified by microarray analysis. We therefore performed quantitative real-time PCR using RNA isolated from kidney, lung, and liver at E19 and 1, 4, and 8 wk of age. We used these three organs because they show similar temporal patterns for the postnatal decline in growth (Fig. 2) Previous studies indicate that this growth deceleration is caused by a marked decline in proliferation by 4 wk of age and more gradual declines thereafter (our unpublished observations). We therefore reasoned that a marked decline in gene expression between 1 and 4 wk of age in these organs would be most consistent with our hypothesis that the declining expression of these genes is responsible for postnatal growth deceleration. If instead, we observed a marked drop in expression between E19 and 1 wk, followed by more gradual subsequent declines, this temporal pattern would suggest that the gene may have a role in earlier embryogenesis and that the postnatal declines merely represent the vestigial remnant expression of a gene that is more important for embryonic development.
Measurement of mRNA levels by real-time PCR showed that the expression of all 11 genes declined with postnatal age in all organs studied with one exception, Slc38a4 in the liver [which may be due to its critical role in the liver by encoding a transporter of both cationic and neutral amino acids (8, 20) ] (Fig. 3) . In general, the most consistent and pronounced declines in expression occurred between 1 and 4 wk of age, the time period during which somatic growth rate decreases rapidly. This rapid decline in expression was usually followed by a continued, but less steep, decline from 4 to 8 wks. The changes from E19 to 1 wk were less consistent (upregulation from E19 to 1 wk was observed in some cases). Only for Dlk1 did the greatest declines occur between E19 and 1 wk in all tissues. For many of the genes studied, mRNA expression was still detectable even at 8 wk of age. We speculate that in some cases, residual expression may continue to serve a biological function in adulthood, for example, to maintain a low level of proliferation to compensate for cell death.
We chose to study lung, liver, and kidney as examples of organs in which proliferation slows with age during early postnatal life. Our findings probably would not apply to other organs, such as intestinal epithelium, epidermis, and hemato- Fig. 1 . Temporal changes in expression of imprinted genes in mice. Changes in gene expression were analyzed by microarray in mouse lung, kidney, and heart from 1 to 8 wk of age. Heat maps were constructed for all known imprinted genes using JMP software ver. 7. Green rectangles represent downregulated genes, and red rectangles represent up-regulated genes compared with 1-wk-old animals. The color intensity corresponds to the magnitude of the change from baseline (log2 [value at later time point/value at baseline time point]). The dendrogram on the right side of the heat map shows the hierarchal clustering of genes imposed by the software package, which grouped genes with similar expression patterns into 4 major clusters (colored red, green, blue, and yellow). poietic tissue, in which proliferation continues into adulthood to replace the continual loss of terminally differentiated cells.
The identified subset of imprinted genes affects somatic growth. It has previously been observed that a number of imprinted genes affect fetal growth (30) . To explore the functional relationships between the 11 imprinted genes identified in the current study and somatic growth, we searched electronic databases for reports describing targeted ablation of these genes in mice. Published reports were available for all 11 genes. Interestingly, change in body size/body weight was observed in 10 out of 11 genes (except Ndn), suggesting that these genes play a major role in regulating somatic growth. For 7 of the 11 genes of interest, Igf2, Plagl1, Mest, Peg3, Dlk1, Gtl2, and Slc38a4, targeted ablation in mice causes somatic growth inhibition, suggesting that these genes promote growth, and therefore, the subsequent postnatal declines in expression may contribute to growth deceleration. Deficiencies of Igf2, Plagl1, Mest, Peg3, Dlk1, Gtl2, and Slc38a4 all resulted in reduced body size at birth or earlier, implying fetal growth retardation. Postnatal growth retardation was also observed in mice lacking functional Dlk1, Gtl2, Igf2, and Mest. For Plagl1, there is conflicting evidence about its role in growth regulation. Plagl1 was first reported to be a tumor suppressor that induces apoptosis and cell cycle arrest in cancer cell lines (32) , suggesting that it suppresses growth. However, knockout models showed decreased fetal body weight by 11% at E16.5 and 23% at birth (38) .
Four of the 11 genes on our list, Grb10, H19, Cdkn1c, and Ndn, are apparently growth inhibitory. Targeted ablation of Grb10 causes overgrowth of the embryo and placenta (6, 29) . Similarly, germline deletions involving H19 in mice cause overgrowth. However, H19 mRNA is not translated, and the targeted deletions appear to induce this phenotype by causing upregulation of the neighboring Igf2 gene (18) . Cdkn1c also appears primarily to inhibit growth. It encodes a cyclin-dependent kinase inhibitor p57 KIP2 that can inhibit proliferation (23, 24) . In humans, loss-of-function mutations can cause Beckwith-Wiedemann syndrome, which is characterized by somatic overgrowth and an increased risk of embryonal cancers (4, 35) . In mice, targeted ablation caused increased body weight at E13.5 (3), although limb size and body length may be decreased (36, 40, 42) . Conversely, overexpression in mice causes somatic growth inhibition (3) . Ndn acts as a growth suppressor in vitro (37) , but ablation of the Ndn has not been reported to affect body size (13, 26) . The reason why these growth-inhibiting genes would show decreasing expression as somatic growth slows is not clear. We speculate that this imprinted gene network may contribute to a complex regulatory system that induces rapid but controlled growth in early life. This overall system, which includes both positive and negative regulatory components, may be gradually phased out over time, thus contributing to somatic growth deceleration.
Other phenotypes of these imprinted genes include neonatal and/or postnatal lethality for Cdkn1c, Dlk1, Gtl2, H19, Igf2, Mest, Ndn, and Plagl1, and developmental defects for various organs (bone formation: Cdkn1c, Dlk1, H19, Igf2, and Plagl1; liver: Dlk1 and Grb10; lung: Igf2 and Plagl1), abnormal placental size (increased: Grb10, H19; decreased: Mest), and abnormal nurturing behavior (Mest and Peg3).
The evolutionary reason that these growth-regulatory genes are imprinted might be related to the conflict hypothesis (25) . By regulating proliferation, these genes may indirectly affect nutritional requirements of the offspring and therefore resource allocation between the mother and offspring. It has been suggested that genes that affect such resource allocation tend to be imprinted because the paternal evolutionary interest is to increase resource transfer to the pups, and thus maximize their chance of survival, while the maternal interest is to moderate resource transfer and thus not jeopardize her own survival.
It has previously been observed that some imprinted genes regulate fetal growth (11, 12) . However, our findings point to a new concept; many imprinted genes that regulate fetal growth (both stimulatory and inhibitory) are subsequently down-regulated in postnatal life in a temporal pattern that matches the decline in the somatic growth rate, and that this down-regulation occurs concurrently in multiple organs. Therefore our findings suggest that the decline in expression of these imprinted genes serve to downregulate growth coordinately in multiple tissues. Although the findings suggest that these Fig. 3 . Concordant temporal changes in a set of imprinted genes in multiple organs. Expression of Plagl1, Mest, Peg3, Dlk1, Gtl2, Igf2, H19, Ndn, Grb10, Cdkn1c, and Slc38a4, were determined by real-time PCR in liver, kidney, and lung at four different time points. Except Slc38a4 in the liver, there is a strikingly consistent decrease in expression from 1 to 4 wk of age in all three organs. E19, embryonic day 19. imprinted genes contribute to the normal decline in proliferation and thus somatic growth deceleration, there are likely to be other genes, including nonimprinted genes that also contribute to the mechanisms that limit somatic growth.
The identified subset of imprinted genes are all members of the Zac1 gene network. The similarity in temporal expression profile of these imprinted genes suggests that they are regulated by a common mechanism. All 11 of the imprinted genes that show a coordinated decline in expression with age belong to a recently described group of genes termed the Zac1-regulated imprinted gene network (38) . This network was described by Varrault and colleagues based on a meta-analysis to identify genes whose expression shows a strong correlation with Plagl1/Zac1 in available microarray data sets. Their work also suggests that Plagl1 may act as the "master switch" regulating the expression of other genes in the network. The fact that Plagl1 encodes a transcription factor makes it an attractive hypothesis. Consistent with this hypothesis, overexpression of Plagl1 in a cell line caused upregulation of some genes in the network and knockout of Plagl1 in mice caused downregulation of some genes. However, not all genes in the network were affected, and some of the observed effects were modest in magnitude, suggesting that other regulatory factors, apart from Plagl1, such as other transcription factors or epigenetic modifications, could contribute to the coregulation of these genes.
The declines in gene expression do not appear to be caused by methylation of the paternal allele. Imprinted genes are differentially expressed from the paternal or the maternal alleles. Differentially methylated regions (DMRs) in the promoter regions of imprinted genes contribute to this differential expression (21) . In particular, Mest, Peg3, and Plagl1 all contain DMRs that are methylated and transcriptionally silenced on the maternal alleles. We therefore hypothesized that the decline in gene expression that we had observed with age was caused by increasing methylation and therefore transcriptional silencing of the paternal alleles. This hypothesized mechanism of silencing would be the reverse of the transcriptional activation that can be induced in vitro by demethylation of H19, Cdkn1c, Peg3, and Plagl1 (10) . Such transcriptional activation of a silenced allele has also been described in a variety of human cancers (2, 16, 17, 34) . To test the hypothesis that the declining expression with age is due to altered methylation, we determined whether the methylation status of DMRs of Mest, Peg3, and Plagl1 changed with age in the liver. We assessed methylation status by bisulfite treatment followed by pyrosequencing because it provides a reliable and reproducible quantitative method to measure the percentage of methylation at each CpG dinucleotide within a defined region (1, 7) . The method was applied to study 10 to 13 CpG dinucleotides within the DMR of each gene (19, 31) (Fig. 4A) in mouse liver at 1, 4, and 8 wk of age (n ϭ 6 mice per time point). For all three genes studied, the DMRs remained ϳ50% methylated (Fig. 4B) , suggesting that only the maternal allele is methylated. Our findings argue strongly against the hypothesis that increasing methylation of the paternal allele is responsible for the decreasing expression of these three genes. It remains possible that changes in DNA methylation may be occurring in other imprinted genes, but our data indicate that altered imprinting is not a general mechanism responsible for the concurrent declines in expression of this network.
Therefore, the mechanisms responsible for coregulation of this gene network remain unclear. Possibilities include common regulatory elements and transcription factors (including Plagl1) and changes in histone modification with age.
Perspectives and Significance
In multicellular organisms, a constant rate of cell proliferation would lead to exponential growth. Consequently, mechanisms are required to slow proliferation, causing somatic growth to slow with age and, in many organisms, cease. This growth deceleration appears to occur in all mammalian species, but at differing rates, accounting for the enormous variability in adult body size among different species. Furthermore, to maintain body proportions, this decline in proliferation must occur coordinately in multiple organs. The mechanisms responsible for this decline in proliferation and somatic growth have not been determined previously. We have identified a subset of 11 imprinted genes within the Zac1 gene network that are widely expressed in late embryonic and early postnatal life but then are downregulated coordinately in multiple organs. The temporal pattern of this declining gene expression is similar to the temporal pattern of growth deceleration. Furthermore, there is evidence that these genes regulate cell proliferation and/or somatic growth. Taken together, the findings support the hypothesis that, in late embryonic and early postnatal life, this network of imprinted genes is expressed at high levels, which promotes rapid somatic growth, whereas, in later postnatal life, downregulation of the network in multiple tissues causes growth of multiple organs to slow coordinately and eventually halt, thus imposing a fundamental limit on adult body size.
